Abstract Purpose: Melanoma, the most aggressive form of skin cancer, accounts for 75% of all skin cancer-related deaths and current therapeutic strategies are not effective in advanced disease. In the current study, we have investigated the efficacy of orally active small-molecule antagonist targeting CXCR2/CXCR1. Experimental Design: Human A375SM melanoma cells were treated with SCH-479833 or SCH-527123, and their effect on proliferation, motility, and invasion was evaluated in vitro. We examined the downstream signaling events in the cells following treatment with antagonists. For in vivo studies, A375SM cells were implanted subcutaneously into athymic nude mice followed by administration of SCH-479833, SCH-527123, or hydroxypropyl-h-cyclodextrin (20%) orally for 21days and their effect on tumor growth and angiogenesis was evaluated. Results: Our data show that SCH-479833 or SCH-527123 inhibited the melanoma cell proliferation, chemotaxis, and invasive potential in vitro.Treatment of melanoma cells with SCH-479833 or SCH-527123 also inhibited tumor growth. Histologic and histochemical analyses showed significant (P < 0.05) decreases in tumor cell proliferation and microvessel density in tumors.
Human cutaneous malignant melanoma is the most aggressive form of skin cancer with a very poor prognosis. During 2008, it is estimated that in the United States 62,480 new cases of melanoma will be diagnosed and 8,420 people will die due to this devastating disease (1) . Therapy for early disease is primarily surgery with a minor benefit noted with adjuvant therapy; however, there is no effective treatment for advanced disease (2 -7) . This clearly indicates the need for novel and effective therapeutic measures and a better understanding of the basic molecular mechanisms implicated in disease advancement.
The G-protein-coupled receptors CXCR1 and CXCR2 are important therapeutic targets in malignant melanoma (8) . Both CXCR1 and CXCR2 bind to the chemokine, CXCL-8, with high affinity (9 -11) . Previous studies have shown that both CXCR1 and CXCR2 are expressed by several types of normal cells, such as neutrophils and endothelial cells and various tumor cells (9, 12 -14) . More importantly, we and others have shown that CXCL-8 is constitutively expressed in malignant melanoma and functions as an autocrine/paracrine growth, invasive, and angiogenic factor (15 -18) . These multiple functional implications of the CXCL-8-CXCR1/ CXCR2 axis in melanoma pathogenesis underscore its importance as a target for cancer therapy.
Earlier studies from our laboratory have shown that neutralizing antibodies to CXCR1 and CXCR2 inhibit melanoma cell proliferation and invasive potential (18) . Smallmolecule inhibitors with affinity for CXCR1 such as repertaxin or affinity for CXCR2 such as SB-225002 or SB-332235 have been used against inflammatory diseases (19 -21) . However, the effectiveness of CXCR1 and/or CXCR2 antagonists in tumor growth and angiogenesis remains unclear. In the present study, we have evaluated the potential of the CXCR2/CXCR1-specific inhibitors, SCH-479833 and SCH-527123, by in vitro and in vivo experiments. Our data show that small-molecule antagonists for CXCR2/CXCR1 inhibit human melanoma growth by decreasing tumor cell proliferation, survival, invasive potential, and angiogenesis.
Materials and Methods
Cells lines and CXCR2/CXCR1 antagonists. A375SM, a highly metastatic human melanoma cell line, was maintained in culture in DMEM (Mediatech) supplemented with 5% fetal bovine serum (Mediatech), 1% L-glutamine (Mediatech), 1% vitamin solution (Mediatech), and gentamycin (Invitrogen). Cultures were maintained for V4 weeks after recovery from frozen stocks. SCH-479833 and SCH-527123 (ref. 22 ; see structure in Table 1 ) were synthesized at Schering Plough and formulated in hydroxypropyl-h-cyclodextrin (HPhCD; Acros Organics). The inhibition constant (Ki) of CXCR1 and CXCR2 for SCH-479833 and SCH-527123 was calculated from IC 50 value using the Cheng-Prusoff equation (ref. 23 ; Table 1 ).
In vitro cell proliferation. A375SM cells were seeded in 96-well plates at low density (1,000 per well). Following overnight adherence, cells were incubated with medium alone or medium containing serum (1.25%) with SCH-479833, SCH-527123, or HPhCD for 72 h. Four different concentrations (1.0, 0.1, 0.01, and 0.001 Ag/mL) of both antagonists were used. Cell proliferation was determined by MTT assay (17, 24) . Growth inhibition was calculated as % = [100 -(A / B) Â 100], where A and B are the absorbance of treated and untreated cells, respectively.
Cell motility and invasion assay. To investigate the effect of SCH-479833 or SCH-527123 on melanoma cell migration, cells (1 Â 10 6 per well) in serum-free medium were plated in the top chamber of noncoated polyethylene terephthalate membranes (6-well insert, 8 Am pore size; Becton Dickinson), whereas for the invasion assay cells (1,000 per well) were plated onto Matrigel-coated Transwell chambers (24-well insert; 8 Am pore size; Corning Costar) with medium (serumfree). The bottom chamber contained 1.0 mL serum-free medium with or without CXCL-8 (10 ng/mL) and SCH-479833, SCH-527123 (10 ng/mL), or HPhCD was added to the lower chamber. The cells were incubated for overnight at 37jC, and unmigrated cells were removed. Cells that passed through the membrane pores were stained using Hema 3 kit (Fisher Scientific) as per the manufacturer's instructions. Cells were counted in 10 random fields (Â200) and expressed as the average number of cells per field of view. Data are represented as the average of three independent experiments.
Western blot analysis. Cells were lysed in Triton X-100 buffer [1% Triton X-100, 50 mmol/L TBS (pH 7.4), 10 mmol/L EDTA with protease inhibitors (Roche Diagnostics) and phosphatase inhibitors (5 mmol/L NaF and 5 mmol/L Na 3 VO 4 ; Sigma)]. For protein expression analysis, 50 Ag lysate was resolved by SDS-PAGE (8-12%). The primary antibodies were against phospho-extracellular signal-regulated kinase (ERK) 1/2 and ERK1/2 (1:1,000; rabbit polyclonal; Cell Signaling Technology) and GAPDH (1:1,000; rabbit monoclonal; Cell Signaling Technology). Secondary antibodies (Santa Cruz Biotechnology) were horseradish peroxidase-conjugated and used at 1:2,000 dilutions.
Tumor growth assay. Female athymic nude mice (6-8 weeks old) were purchased from the National Cancer Institute. All procedures done in mice were in accordance with institutional guidelines and approved by the University of Nebraska Medical Center Institution Animal Care and Use Committee. For in vivo injection, cells were harvested using a brief exposure of 0.25% trypsin in 0.02% EDTA. Trypsinization was stopped with medium-containing serum and cells were washed twice with HBSS. Only single-cell suspensions of >90% to 95% viability (tested by trypan blue exclusion assay) were used for injection. Mice were injected with 1 Â 10 6 cells/0.05 mL HBSS/animal into the subcutis of the lateral flank. Twenty-four hours post-tumor cell injection, mice (n = 6 per group) were given either SCH-479833 or SCH-527123 antagonist at a dose of 100 mg/kg body weight daily in 0.2 mL of 20% HPhCD orally for 21 days. Control group mice received 0.2 mL vehicle (20% HPhCD) alone orally. Tumor growth was monitored with calipers twice a week and animals were sacrificed when moribund. Tumor volume was calculated by the following formula: volume = p / 6 Â (smaller diameter) 2 Â (larger diameter). Animals were sacrificed on day 50 and tumor tissues were harvested and processed for immunohistochemical analysis.
Immunohistochemical analysis. Immunohistochemical analysis was done as described previously (25) . Briefly, 6 Am thick sections were deparaffinized, and nonspecific binding was blocked by incubation in antibody diluent (BD Pharmingen). The sections were then immunostained using mouse monoclonal anti-proliferating cell nuclear antigen (PCNA; 1:40; Santa Cruz Biotechnology) or mouse biotinylated GS-IB4 (isolectin from Griffonia simplicifolia; 1:50; Vector Laboratories). Immunoreactivity was detected using the ABC Elite kit and DAB substrate (Vector Laboratories) as per the manufacturer's instructions. A reddish brown precipitate in the cytoplasm indicated a positive reaction. Negative controls had all reagents included, except the primary antibody. The number of microvessels was quantitated microscopically with a 5 Â 5 reticle grid (Klarmann Rulings) using Â400 objective (250 Am total area).
Apoptotic cells in tumor samples were identified by terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay according to the manufacturer's instructions (In situ Cell Death Detection Kit, fluorescein; Roche). The number of apoptotic cells was evaluated by counting the positive (brown-stained) cells in 10 arbitrarily selected fields at Â200 magnification in a double-blinded manner and expressed as average number of cells per field view.
Statistical analysis. All the values are expressed as mean F SE. Differences between the groups were compared using unpaired twotailed t test. In vivo analysis was done using Mann-Whitney U test of significance. P < 0.05 was deemed significant. All statistical analyses were done using SPSS software (SPSS).
Results
Orally active CXCR1 and CXCR2 antagonists inhibited human melanoma growth. To examine the effect of antagonists on
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Human cutaneous malignant melanoma is the most aggressive form of skin cancer with a very poor prognosis and current therapeutic strategies are not effective in advanced disease. Our data show that orally active smallmolecule antagonists for CXCR2/CXCR1 are effective in inhibiting melanoma tumor growth and angiogenesis. Based on these preclinical findings, SCH-479833 and SCH-527123 represent potential novel therapeutic agents for human malignant melanoma. tumor growth, we injected human melanoma A375SM cells subcutaneously into athymic nude mice, and after 24 h, 100 mg/kg SCH-479833 or SCH-527123 antagonist in HPhCD CD or HPhCD alone (control) was given orally once a day for 21 days. A remarkable decrease in tumor size was observed in both SCH479833-and SCH527123-treated animals compared with control group (Fig. 1) . Administration of SCH-479833 and SCH-527123 antagonists resulted in a significant (P < 0.05; 2.9-to 4.5-fold) reduction in tumor volume compared with HPhCD-treated animals. In the control group, tumors started appearing within 6 days post-injection compared with 9 days post-injection in SCH-479833-and SCH-527123-treated groups.
Next, we examined whether inhibition in tumor growth was due to reduced melanoma cell proliferation and/or survival by PCNA and TUNEL immunostaining, respectively. PCNA is a cell cycle-associated protein and an important biomarker used frequently to measure the proliferative activity of tumor tissues (26) , whereas TUNEL is a common method for detecting DNA fragmentation that results from apoptotic signaling cascades (27) . PCNA immunostaining of tumor sections showed a significant decrease in PCNA-positive cells in SCH-479833-and SCH-527123-treated groups (Fig. 2A) . The average numbers of PCNA-positive cells were 43.5 F 3.22 and 34.9 F 2.74 in SCH-479833-and SCH-527123-treated tumors compared with 94.0 F 6.97 in control-treated tumors (Fig. 2B) . TUNEL staining of tumor sections showed a significant increase in apoptotic cells in SCH-479833-and SCH-527123-treated groups (Fig. 2C) . (Fig. 2D) .
Tumor angiogenesis was decreased in SCH-479833 or SCH-527123 antagonist-treated animals. Most solid tumors, including melanoma, require new blood vessel formation to grow beyond a few millimeters in diameter (28) . In previous studies, it has been reported that CXCL-8, a ligand for CXCR1 and CXCR2, acts as an angiogenic factor (16 -18) . Therefore, we examined whether inhibition of human melanoma growth by SCH-479833 or SCH-527123 antagonist involved an effect on angiogenesis. The microscopic examination of tumor tissue for neovascularization showed a significantly lower number of microvessels in SCH-479833 or SCH-527123 antagonist-treated groups compared with the control group ( Fig. 3; Table 2 ). On Table 2 ).
SCH479833 and SCH527123 treatment decreased chemotaxis and invasion of human melanoma cells in vitro. Overall growth of the tumor is determined by the interaction of tumor cells with the host microenvironment. In previous studies, it has been reported that chemokine signaling not only helps in the migration of endothelial cells, and thus angiogenesis, but also in the motility and invasion of the tumor cells (29) . Therefore, we investigated whether treatment with CXCR2/CXCR1 antagonists would affect tumor cell chemotaxis and invasion. Our data showed a significant (P < 0.05) inhibition in CXCL-8-induced chemotaxis (2.8-to 5.0-fold decrease) of SCH-479833-or SCH-527123-treated cells compared with the control-treated cells ( Fig. 4A and B) . Cells treated with SCH-479833 or SCH-527123 also showed a significant inhibition (P < 0.05) in the number of invading cells (2.3-to 3.1-fold decrease) compared with control in an in vitro invasion assay (Fig. 4C and D) .
SCH-479833 and SCH-527123 treatment inhibited melanoma cell proliferation in a dose-dependent manner and repressed the ERK1/2 signaling pathway. Treatment of human melanoma cells with increasing doses of SCH-479833 and SCH-527123 antagonists (0.001-1.00 Ag/mL) resulted in a progressive inhibition of proliferation as examined by MTT in vitro proliferation assays (Fig. 5A and B) . At the 1 Ag/mL dose of SCH-479833 and SCH-527123 antagonists, a 33% and 31% inhibition of melanoma cell proliferation was observed.
Next, we examined the effect of antagonist treatment on ERK1/2 phosphorylation, which is an important signaling pathway involved in the control of growth signals, cell survival, and invasion (30) . Treatment of human melanoma cells with 1 Ag/mL of either SCH-479833 or SCH-527123 significantly decreased the phosphorylation of ERK1/2, suggesting it as a mechanism in the antiproliferative, anti-invasive, and antiangiogenic activity of SCH-479833 and SCH-527123 (Fig. 5C) .
Discussion
In the present study, we showed that oral administration of the CXCR2/CXCR1 antagonists (SCH-479833 or SCH-527123) in athymic nude mice inhibited the growth of implanted human melanoma tumors. Furthermore, our studies showed that the antitumor efficacy of SCH-479833 and SCH-527123 resulted from a decrease in cell proliferation and angiogenesis and enhanced apoptosis. In addition, we also observed reduced chemotaxis and invasion of human A375SM cells on treatment with the antagonists.
The use of small-molecule inhibitors represents an attractive targeted therapeutic approach. Previously, we showed that CXCL-8-elicited melanoma growth was mediated through the chemokine receptors, CXCR1 and CXCR2 (18) . Therefore, targeting of these receptors seemed an obvious choice. Our in vivo study, where mice were given either SCH-479833 or SCH-527123 antagonist orally, exhibited a reduction in tumor volume in the treatment groups compared with the control group. This finding clearly indicated the potential of SCH-479833 and SCH-527123 antagonists as novel therapeutics for melanoma and was in accordance with our previous observations on the association of CXCR1 and CXCR2 with melanoma aggressiveness (25) .
The overall growth of the tumor in vivo depends on several factors including the rate of tumor cell proliferation, survival, and vascularization of the tumor tissue along with the invasive capacity of the tumor cells (31, 32) . While evaluating the effect NOTE: Immunohistochemical staining for microvessel using anti-GS-IB4 was analyzed as described in Materials and Methods. Microvessel density was quantitated microscopically with a 5 Â 5 reticle grid at Â400 magnification. These results provide further support to our previous work that showed inhibition of the proliferation of melanoma cells on neutralization of CXCR1 and CXCR2 (18) .
CXCR1 and CXCR2 have also been implicated in the haptotactic migration/chemotaxis and angiogenic response of melanoma cells (33 -35) . Nonetheless, a report from Addison et al. (33) described the importance of CXCR2 in mediating angiogenesis. We have observed significant inhibition in tumor neovascularization in CXCR2/CXCR1 antagonist-treated animals compared with control-treated group. Our earlier data show that endothelial cells express CXCR1 and CXCR2 and CXCL-8 enhanced their survival and proliferation (36) . In our antagonist-treated group, the decrease in vascular density could be due to low expression of angiogenic factors or apoptosis of endothelial cells. We have observed decrease in CXCL-8-induced endothelial cells survival following treatment with CXCR2/CXCR1 antagonists. 3 Furthermore, we have observed an inhibition in the levels of CXCL-8 and vascular endothelial growth factor protein in SCH-527123 and SCH-479833 tumors compared with control. 3 Previously, CXCL-8 expression by endothelial cells was shown to elicit a chemotactic response for melanoma cells through CXCR1 (37) . Similarly, the chemotaxis of neutrophils was shown to be mediated primarily by CXCR1 despite similar affinities of CXCL-8 for CXCR1 and CXCR2 and their similar expression level (38, 39) . Despite these studies indicating somewhat distinctive functions for CXCR1 and CXCR2, we observed an inhibition of melanoma cell chemotaxis on treatment with either of the antagonists; the effect was more pronounced with SCH-527123. Both SCH-527123 and SCH-479833 are fairly selective for CXCR2 compared with CXCR1 (74 and 100 times). Their major difference is in their affinity for CXCR2, with SCH-527123 being over 3 times more potent. Thus, SCH-527123 improved activity is probably due to its lower Ki for CXCR2.
The mitogen-activated protein kinase signaling pathway controls various cellular functions such as growth, proliferation, invasion, and differentiation (40) . There is a growing body of evidence suggesting that activation of the ERK1/2 pathway may be involved in the oncogenic behavior and invasive potential of melanoma cells (30, 41) . We showed that, on treatment with either of the antagonists in vitro, A375SM cells exhibited a significant reduction in ERK1/2 phosphorylation. This finding, therefore, may suggest a role of the ERK pathway in CXCL-8-CXCR1/2 signaling in proliferation and invasion of melanoma cells.
The inhibition of tumor growth and angiogenesis by these antagonists has also been observed in a colon cancer mouse model, 4 indicating that these observations were not limited to the tumor model chosen. Similar to our observations, recently SCH-527123 has also been shown to inhibit neutrophil recruitment, mucus production, and goblet cell hyperplasia in an animal model of pulmonary inflammation (42) . This indicates that these antagonists may also have clinical utility in diseases implicating CXCR1 and/or CXCR2 directly or indirectly such as rheumatoid arthritis, respiratory distress syndrome, psoriasis, and pulmonary disease (42 -45) . 3 Unpublished data. Fig. 4 . SCH-479833 and SCH-527123 inhibit melanoma cell motility and invasion. Cells were plated on noncoated or Matrigel-coated membranes for motility (A and B) and invasion (C and D) assays and incubated for overnight. Serum-free medium containing 10 ng/mL CXCL-8 and SCH-479833 or SCH-527123 (10 ng/mL) or HPhCD was added to the lower chamber. The cells that did not migrate through the Matrigel and/or pores in the membrane were removed, and cells on the other side of the membrane were stained and photographed at Â200 magnification. Cells were counted in 10 random fields (Â200) and expressed as the average number of cells per field of view.
In conclusion, our data show that CXCR2/CXCR1 antagonists are effective against a melanoma tumor model. The inhibitory effects of these antagonists resulted from decreased proliferation, survival, and invasion of melanoma cells. Furthermore, angiogenesis was also inhibited, which is extremely important in maintaining the supply of nutrients and oxygen to the tumor cells. Based on these preclinical findings, SCH-479833 and SCH-527123 represent potential novel therapeutic agents for human malignant melanoma.
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